Abstract-In this letter, a packaged add-drop filter composed of a silica microsphere resonator with a diameter of 80 µm and an optical microfiber coupler with a waist diameter of 1 µm is investigated. A one-step fabrication process using UV curable epoxy is shown to stabilize the coupling between the microsphere and the microfiber coupler, which is used for the add and drop ports. The packaged microsphere-microfiber coupler device has a high Q-factor of 1 × 10 7 in the add-drop filter configuration. This device has excellent features, such as improved ease of fabrication, multiple resonant peaks, and high mechanical stability.
I. INTRODUCTION
O VER the past two decades, high-Q optical microsphere resonators have been investigated widely for research in fundamental physics and for a range of applications such as filters [1] , sensors [2] - [4] , lasers [5] - [7] , frequency combs [8] , quantum dot lasing [9] , [10] , etc. Among these applications, microsphere resonator based filters [1] have attracted a lot of attention due to ease of fabrication, reasonably low cost, robust assembly and relatively high-Q factors. Fully integrated microsphere devices including wavelength division multiplexers (WDM), sensors, ultra-small optical tunable filters, and Schematic of the optical microfiber coupler coupled with the microsphere resonator. One port of the coupler is used for input, the two output ports provide the drop and through ports of the device.
integrated micro-lasers are also attractive due to the simplicity of the fabrication process compared with the more conventional, costly photolithographic technique, if a low volume of fabrication is required.
To date, microsphere-based add-drop filters have been developed [11] , [12] , and are typically combined with a pair of silica fiber tapers [13] , [14] so as to efficiently couple evanescent fields to and from the resonator for the purpose of characterization and use. However, high precision 3D mechanical translation stages are needed to maintain a stable alignment between the microsphere and the fiber taper -a disadvantage when fabricating add-drop devices for practical, real-world applications. Also, experiments often require environmental isolation, in the form of an enclosure around the system, or by placing the system in vacuum. In order to increase the mechanical stability of the microsphere resonator coupling system, in our previous research, [12] a high quality silica microsphere was first coupled and packaged with two low-loss optical tapered fibers. The relative positioning of the tapered fibers was optimized under an optical microscope and then fixed on a microscope slide using a low refractive index UV curable epoxy. The use of a coating epoxy significantly increased the mechanical alignment stability of the microsphere-fiber tapers system. At wavelengths near 1550 nm the system had a high Q of up to 9 × 10 5 and modes could be efficiently excited via evanescent coupling from the input tapered silica fiber. The temperature dependence of the packaged device was also investigated. However, in those earlier experiments, the coupling positions between the silica sphere and the two distinct fiber tapers needed to be aligned accurately twice, thereby increasing the difficulty of repeatability and reproducibility. To address this issue, and to simplify the fabrication of microsphere-based add-drop filters further, in this work a one-step fabrication process has been developed using a microsphere resonator coupled to, and then packaged with, an optical microfiber coupler (OMC). See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. splitting of the output power into the two output fibers was achieved, resulting in an approximate 50:50 microfiber optical coupler [15] . The desired coupling position was adjusted under an optical microscope and the device was mounted on a microscope slide using a low refractive index UV curable epoxy. The use of a UV epoxy for the packaging process significantly increases the mechanical alignment stability and also the lifetime of the microsphere-fiber tapers system. At wavelengths near 780 nm, a high Q mode of up to ∼ 1×10 7 can be efficiently excited via evanescent coupling from the waist of the optical microfiber coupler.
II. THEORETICAL ANALYSIS
In order to evaluate the electric field distribution of a packaged silica microsphere in contact with an OMC, we carried out a 2D theoretical analysis using commercial finite element method software (COMSOL MULTIPHYSICS 4.3b, Stockholm Sweden). For the simulations, the diameter of the tapered waist of the OMC was chosen as 1 μm, that of the microsphere was 80 μm and the refractive index of the surrounding medium was chosen as 1.36 (the refractive index of the UV epoxy) in order to match the geometry and the physical properties of the materials used in the experiments. The chosen boundary conditions were a scattering boundary at the microsphere's and the silica tapered waist's surfaces and a port boundary at the input and output ports. The maximum mesh element sizes were 100 nm in all cases. The minimum mesh element size was set to 30 nm on the scattering boundary outside of the microsphere. To reduce calculation time, the microsphere was assumed to be a ring resonator, thus no polar mode splitting could be observed; only the longitudinal modes were considered with an FSR of 2 nm. Figure 2 shows the electric field distributions of the straight microfiber coupler and the packaged silica microsphere at wavelengths around 780 nm; the fundamental mode enters into the microfiber coupler from the lower left port and exits from the drop port (lower right) and the through port (upper right). For the straight OMC simulated in Fig. 2(a) , light exchange between the two arms is due to beating between supermodes excited by a single mode signal at 779.8 nm from the input port. From Fig. 2(b)-(d) , one can see that all the results confirm, by using a narrow linewidth laser and scanning over a range of wavelengths, resonant wavelengths can be selectively excited. The coupling of light from the waist of the OMC into the microsphere embedded in the UV epoxy excites a fundamental whispering gallery mode, manifested as an interference of ray paths propagating on its surface. Figure 2(a) shows that the output intensity at the drop port reaches a maximum; however, the intensity of the through port has a minimum at a wavelength of 779.8 nm.
In Fig. 2(b) , an equal splitting of the output power of the two output ports is achieved at a wavelength of 779.9 nm. Finally, in Fig. 2(c) , the output intensity of the drop port has a minimum and the intensity of the through port has a maximum value at a wavelength of 780.3 nm.
To further investigate the simulated results above, the transmission spectra from both of the two output ports were calculated using the same COMSOL model by scanning the wavelength range over 775-785 nm. Figure 3 shows the calculated optical resonance spectra for both output ports of a packaged OMC-Microsphere, all exhibiting deep, sharp resonances similar to those previously reported in microsphere resonator-based add-drop filters [12] . In Fig. 3 , B (blue dashed circle) represents the simulation results of Fig. 2(b) ; C (green dashed circle) represents the simulation results of Fig. 2(c) at non-resonant wavelength and D (navy dashed circle) represents the simulation results of Fig. 2(d) at the microsphere resonance wavelength. The explanation behind the switching behavior may lie in the different number of supermodes supported by the OMC used to make the microsphere devices. The OMC we used in the experiments has a relatively large waist diameter, circa 1 μm; thus it supports several supermodes which beat and give the complementary output characteristic of OMCs. At resonances, light simply traverses a longer optical path within the OMC-microsphere system and the output spectra depend on the relative phase difference between the two supermodes. For this reason, the maxima of the drop port coincide with the minima of the through port and vice versa. However, the additional side resonance present in the packaged OMC-microsphere device complicates the output spectra. The explanation behind the different behavior (small side peaks occur between adjacent main peaks, as shown in Fig. 3 ) may lie in the beating of supermodes supported by the OMC. As shown in Fig. 2(d) and Fig. 3 , at the resonant wavelengths, light simply traverses a longer effective path within the microsphere, thus allowing for a cumulatively larger amount of power to be coupled into the other arm of the OMC than when off-resonance. 
III. EXPERIMENTAL INVESTIGATION AND DISCUSSION
A silica microsphere with a diameter of about 80 μm, a stem diameter of 7 μm and a stem length of 100 μm, was fabricated by melting the tapered tip of a standard singlemode fiber (SMF28) through a continuous wave CO 2 laser. The Q factor of the fabricated microsphere was measured to be about 10 8 in air. A microscope image of the microsphere is shown in Fig. 4(a) . The tapered optical microfiber coupler for evanescent coupling was fabricated by softening and stretching two standard SMF-28 silica optical fibers with a hydrogenoxygen flame, as described elsewhere [14] .
The entire packaging process can be divided into four steps: (a) a uniform film (thickness circa 5 μm) of UV curable polymer was deposited and cured on a glass microscope slide substrate using a spin coater; (b) the waist of the OMC was coupled with the microsphere and the coupling coefficient between them was optimized using manual nanopositioning translation stages; (c) after the initial alignment, the UV epoxy was applied using a syringe to cover the entire microsphere and the waist of the optical coupler; (d) to counteract any misalignment caused by the introduction of the epoxy, the alignment was adjusted again as needed to achieve a maximum coupling coefficient and the system was then exposed to UV light for about 20 seconds to cure the polymer. Finally, to increase the mechanical stability of the device, the entire length of the OMC tapered waist is also packaged using the UV epoxy to completely isolate the device from the surrounding air.
The curing process shrinks the polymer (shrinkage on cure ∼5%) and thus induces extra stress on the OMC, pulling the waist towards the resonator, thereby changing the coupling position and transmission spectra achieved before curing. The whole packaging process is depicted in Fig. 5 .
During the experimental packaging process, the input port of the OMC was connected to an amplified spontaneous emission (ASE) broadband source, while the throughout port and the drop port of the OMC were each connected to optical spectrum analyzers (OSAs) so as to allow for real time monitoring of the output transmission spectra in situ. When determining the most effective coupling state between the microsphere and the waist of the OMC, the resonance characteristics were recorded using the OSAs. The position of the tapered waist with respect to the microsphere was controlled by nanotranslation stages and it was monitored using a microscope equipped with a charge coupled device (CCD) camera. Figure 6 shows the top view of the silica microsphere, with a diameter of 80 μm, in close proximity to the waist of the OMC, which has a diameter of circa 1 μm. Figures 6(a)-(c) show the CCD images of the OMC-Microsphere coupling system when the input light is off (a) and on (b-c), respectively. The CCD camera is sensitive to the 780 nm radiation and Figs. 6(b) and (c) clearly show scattered light from an excited whispering gallery mode (WGM) emanating from the left side of the microsphere at a resonance wavelength of 780.12 nm. The epoxy has a higher refractive index than air, so the WGM has a larger fraction of its field overlapping with the epoxy, thus there is larger scattering from both the tapered fiber and the WGMs. Compared with Fig. 6(c), Fig. 6(b) shows some evidence of more leakage into the uncured UV epoxy. It is well-known that scattering loss is dependent strongly on phase matching, namely the effective index difference between the microresonator and the surrounding medium. Therefore, higher order modes with a stronger field at the microsphere surface will scatter more from the surface; however, the presence of the cured UV epoxy with an increased refractive index can mitigate such a mismatch between the microsphere and the coupling waveguide, thereby decrease the scattering. The results indicate that the loss due to uncured UV epoxy would be up to 10 times more than one cured at a given wavelength, verified by an intensity measurement by an IR camera. This consequently exhibits a much higher scattering loss.
To characterize the Q-factor and the other optical properties of the packaged silica microsphere, a mode-hop-free, tunable laser around λ ∼ 780 nm was coupled into the packaged device. Such a laser can be finely swept over a frequency range of 80 GHz with a resolution of 5 Hz around a WGM resonance. The light transmitted through the coupler-WGM resonator system can be monitored at one output of the two ports using a detector connected to an oscilloscope, as in the experimental set-up sketched in Fig. 7 . Note that the two measurements of the output ports were done consecutively after changing the detection port in the experiments. Figure 8 presents the WGMs that were excited by scanning the laser over 80 GHz, showing the add-drop filter nature of the observed resonance dips for which a full width half maximum (FWHM) linewidth of 38.5 MHz was found for the resonance around 780 nm, corresponding to a high Q-factor of ∼ 1 × 10 7 with an extinction ratio of more than 5 dB and a free spectral range (FSR) of circa 0.5 GHz. It is well known that the FSR can be defined by the adjacent longitudinal mode numbers; note that the 0.5 GHz separated modes should be the polar modes of the microsphere resonator due to the eccentricity of the fabricated device. Therefore, the FSR shown in the inset figure of Fig. 8 is not the same as the calculated results shown in Fig. 3 . Nevertheless, this high Q-factor reported here for a packaged microsphere resonator coupled with an OMC has very good qualitative agreement with the theoretical prediction presented in Fig. 3 ; the discrepancy between the theoretical and experimental results may be caused by: 1) the waist coupling position, since the coupling of the waist of the OMC with the equator of the sphere cannot be guaranteed; 2) the length of the waist of the OMC. Since real OMCs have a longitudinally varying profile, the coupling coefficient is, therefore, dependent on the position (z) along the coupler and ultimately on the interaction length (L). In couplers, the coupling coefficient is a variable function along the fusion length. The length of the waist adopted in the calculations was 60 μm; however, in practice, the actual length of the waist is much larger than 60 μm due to the resolution of the translation stages and also the scanning range of the flame torch; 3) the loss in the microsphere resonator; the scattering loss from the microsphere is clearly shown in Fig. 6 and thus reduces the intensity of the output power; 4) the device fabricated is strongly polarization dependent and the change in polarization azimuth results in a small shift in the resonance wavelength, accompanied by an enhancement in the extinction ratio.
IV. CONCLUSION
In conclusion, we have presented a simplified packaging technique for silica microspheres strongly coupled to an OMC for applications as an add-drop filter. Whispering gallery mode resonances have been observed, with a Q-factor as high as 1 × 10 7 recorded at λ ∼ 780 nm. The transmission spectral response of the through and drop channels demonstrate the add-drop potential of the filter. This work will provide the basis for a simple fabrication technique for microspheres coupled to fiber taper-based add-drop filtering devices and should prove to be an ideal photonic buildingblock for a range of micro-optical components including sensors and ultra-small optical tunable filters, enabling low-cost integrated optical devices. The proposed fabrication process is very simple and has the advantage of relatively low cost for practical applications. Future work will involve further experiments on the OMC packaged with a microbubble resonator [16] for sensing capabilities. The optical response of the OMC packaged with microresonators using different waist sizes and different coupling regimes will also be explored.
